Introduction
============

Leptin is a peptide hormone which is secreted especially by white adipose tissue and encoded by the obese gene. It is produced primarily by adipocytes and acts on the hypothalamus. Moreover, salient non-adipocytic, extra-hypothalamic pathways also exist^\[[@R1]\]^. Recently, the role of leptin in bone metabolism has been identified^\[[@R2]^-^[@R3]\]^. The role of leptin on the skeletal system is complex. Present information on leptin indicates that it is involved in at least 2 different bone-controlling mechanisms, a direct stimulatory effect on bone growth, and/or an indirect suppressive effect on bone formation through the hypothalamus via the sympathetic nervous system^\[[@R4]\]^. By acting on the hypothalamus and increasing both sympathetic output, and β2-adrenergic receptors on the surface of osteoblasts, leptin exerts an anti-osteogenic effect on the central nervous system^\[[@R5]\]^. Recent findings suggested that blocking the central effects of leptin would increase bone mass by stimulating bone formation^\[[@R6],\ [@R7]\]^ and hypothalamic leptin gene therapy actually increased bone length and total bone mass in growing obese (*ob/ob*) mice. Overall, the aforementioned findings are congruous with the hypothesis that the central nervous system-mediated actions of leptin are anti-osteogenic.

However, peripherally speaking, some hypothesis demonstrated that leptin has an opposite effect by promoting bone mineralization^\[[@R8]\]^ and osteoblast to osteocyte differentiation*in vitro*^\[[@R9]^-^[@R10]\]^. Despite this, questions still remain about the concept that peripheral leptin is responsible for the putative bone anabolic effects of the hormone *in vivo*. Consequently, in this study, we aimed to explore possible effects of leptin on bone growth and fracture healing.

Materials and methods
=====================

Adult male SD rats (*n* = 72, 250-290 g, purchased from Shanghai Slaccas Laboratory Animal Co, Shanghai, China) were maintained at 23±1ˆC on a 12-h light/12-h dark cycle. They were all housed individually in specific pathogen-free conditions with unlimited access to water and laboratory food and were treated strictly in accordance with institutional ethical guidelines. These rats were randomly and equally divided into three groups. Group A was treated with 1 mL normal saline (NS) intraperitoneally and used as the operative control group. Group B was treated with 0.3 μg/kg leptin (Leptin Rat, Recombinant, Linco Corp., USA) in 1 mL NS intraperitoneally. Group C was treated with 0.5 μg/kg leptin in 1 mL NS intraperitoneally. Treatments were started on the day of surgery and lasted for 2 weeks. The average body weights of the rats at the 2, 4 and 8 weeks were 262±12.2 g, 255±16.5 g, and 265±13.7 g, respectively, and analysis of variance (ANOVA) did not detect a significant difference in average weights. All three groups were divided into three subgroups (*n* = 8 rats) for evaluation at 2, 4 and 8 weeks after the operation. These rats were sacrificed by sodium pentobarbital (100 mg/kg, i.p.) overdose, perfused transcardically with NS and 10% neutral formalin. Approval for this study was granted by the Ethics Board of the First Affiliated Hospital with Nanjing Medical University, China.

Femoral fracture model
----------------------

Femoral osteotomy and fixation were performed in the same manner as previously reported^\[[@R11]\]^. Briefly, a transverse osteotomy was made at the midshaft of the femur and intramedullary fixation was performed using a stainless steel wire (diameter, 1.5 mm). The fracture fragments were reduced and stabilized. Wires were cut on the surface of the intercondylar groove to avoid restriction of knee joint motion. Unrestricted activity was allowed after recovery from anesthesia.

Tissue preparation and histologic analysis
------------------------------------------

After the rats were sacrificed, the fractured femurs were dissected and carefully cleaned of muscle around the fracture callus to preserve callus integrity. Calluses from weeks 2, 4 and 8 after fracture were then fixed in 4% paraformaldehyde, the intramedullary wire was removed, and the specimen was decalcified before paraffin embedding. Sagittal sections, which were chosen blindly and randomly from the middle of each sampled callus and the distance between each section, were 5 µm through the fracture site and mounted on Fisher brand Superfrost Plus Slides (Fisher Scientific, Pittsburgh, PA, USA). Sections were stained with hematoxylin-eosin for histological evaluation of healing at 2, 4 and 8 weeks after fracture. The criteria described by Huo et al.^\[[@R12]\]^ was used for histological evaluation of the specimens.

Radiological evaluation
-----------------------

The bone formation part of the Lane-Sandhu histopathological scoring system was used for radiological evaluation of fracture healing^\[[@R13]\]^. The standard lateral and AP radiographs that were taken after euthanasia were evaluated by a double blinded observer.

Microcomputerized tomography (micro-CT) analysis
------------------------------------------------

The explanted femoral bones were scanned by micro-CT using SkyScan 1172 scanner with a voxel size of 20 mm. The data was collected at 100 kV and 100 mA and reconstructed using the cone-beam algorithm. Each femoral bone sample scanning was performed over a 180ˆ rotation with an exposure time of 105 ms. A cylindrical volume of interest with a diameter of 20 mm and a height of 27 mm was selected, which displayed the microstructure of the rat femoral bones (comprising the cortical and cancellous bone). We scanned femoral samples every 1 mm and all the samples were done under the same experimental condition, utilizing the same radiographical machine, the same position and the same people for experimenting and another for measuring. Data analysis was performed using CT Analyzer software (BrukermicroCT, Kontich, Belgium). The region of interest was set at the area of fracture healing, defined by the fracture area filled with new bone, and the structural indices of the femoral fracture areas were calculated using this software. In three-dimensional (3D) analysis, bone callus volume (BV) and fibrous callus volume were measured.

Statistical analysis
--------------------

All statistical analyses were performed using SPSS 12.0 (SPSS, Inc., Chicago, IL, USA). The clinical data was expressed as mean ± standard deviation. All variables were normally distributed (Shapiro-Wilk test). Differences between body weights of the three groups before operation were detected using one-way analysis of variance (ANOVA), and after the operation we used ANOVA with a post hoc test to analyze data of the three groups. P value less than 0.05 was considered statistically significant.

Results
=======

There were no operation-related complications after anesthesia and intraperitoneal interventions. There were no wound infections and no complications related to surgery. No rats died in the experiment.

Radiological analysis
---------------------

In all rats different Lane-Sandhu scores of fracture formation were calculated in radiographs (***Table1***,***Fig. 1***). At 2 weeks after operation, evidence of callus formation was found at the fracture site in these groups, but there was no statistically significant difference. At 4 weeks after operation, callus formation in the three groups was more rapid and the average evaluation scores were higher than 2 weeks; however, we did not detect significant difference in these groups.

###### 

Radiological and histological results of the groups\*

            Two weeks   Four weeks   Eight weeks                         
  --------- ----------- ------------ ------------- ---------- ---------- --------
  Group A   0.5(0,1)    3.5(3,4)     2(1,2)        5(5,6)     2.5(2,3)   6(6,7)
  Group B   1(0,1)      4(3,5)       2(2,3)        6(5,7)     3(3,5)     7(6,8)
  Group C   1(1,2)      4.5(4,6)     2.5(2,4)      6.5(6,7)   4.5(4,5)   7(7,8)

\* Data are expressed as median (range). In radiological results: at 8 weeks, the formation of callus in group B and C were significantly better than group A (*P*=0.04, *P=*0.013, respectively); In histological results: there was a statistically significant difference between group B, C, and group A at 4weeks (*P*=0.01, *P*=0.002, respectively) and 8 weeks (*P*=0.008, *P*=0.003, respectively).

Fig.1Radiological images at 8 weeks.The formation of callus (white arrow) in group B (B) and group C (C) continued to be significantly better than group A(A).

At 8 weeks, complete fracture healing was found in both group B and group C. The fracture line became nearly invisible compared to 2 and 4 weeks. The formation of callus in group B and C continued to be significantly better than group A (*P*=0.04, *P*=0.013, respectively). There was no significant difference between group B and group C (*P*=0.197).

Histological results
--------------------

There was no statistically significant difference between the groups at 2 weeks (*P*=0.20).

At the 4 week stage, fracture callus from group A showed a well formed callus with areas of newly formed fibrous callus, calcified cartilage, chondrocytes and hypertrophic chondrocytes, group B and C demonstrated more mature trabecular bone formation and larger external callus compared to group A (*P*=0.01, *P*=0.002, respectively).

At the 8 week phase, group A displayed pronounced cartilage with some woven bone. In group B, predominantly woven bone occurred in the fracture line. In group C, predominantly woven and lamellar bone was observed (***Fig. 2***). There was a statistically significant difference between group A and B, and between group A and C (*P*=0.008, *P*=0.003, respectively). There was no statistically significant difference between group B and C (*P*=0.235).

Fig.2Histological cross-section of the fractured rat femurs obtained 8 weeks after surgery.In group A, predominantly cartilage with some woven bone was observed (A) (black arrows). In group B, predominantly woven bone occurred in the fracture line (B). In group C, predominantly woven bone and lamellar bone were observed (C) (black arrows). Magnification ×100.

Micro-CT analysis
-----------------

Computer analysis of the Micro-CT images revealed the volume of new bone and the quality of the femoral fracture area in all rats (***Table 2***, ***Fig. 3***). At 2 weeks, fracture lines were clear and some fibrous calluses were observed in all 3 groups. There was no statistically significant difference among the three groups (*P*=0.35). At 4 weeks, in group A, the mineralized callus bridging was deemed insufficient. More mature mineralized callus bridging was detected in group B and C compared with group A (*P*=0.02, *P*=0.04, respectively). At 8 weeks, some mineralized callus and newly formed bone were seen in group A. A large amount of newly formed bone was seen in group B, greater quantities of bony callus and evidence of bone fusion were observed in group C. Quantitatively, the bone callus volume was higher in group B and C than in group A (*P*=0.005, *P*=0.001, respectively). Group C also had better fracture healing than group B at 8 weeks (*P*=0.01).

###### 

Volume of fracture callus in three groups

  Group      Week 2       Week 4          Week 8
  ------- -- ------------ --------------- ------------------
  A          28.22±2.86   50.23±7.19      87.59±7.55
  B          30.05±2.30   62.74±6.65^▲^   99.22±14.46^▲^
  C          31.13±3.20   64.05±7.30^▲^   106.05±20.30^▲★^

Unit:mm^3^($\overline{x}$ ±S)^▲^*P*\<0.01 compared with group A at 4 weeks and 8 weeks

^★^*P*\<0.01 compared with group B at 8 weeks

Fig.3Micro-CT images of the fractured rat femurs at 8 weeks after surgery.Some mineralized callus and newly formed bone are seen in group A (A). Large volume of newly formed bone is seen in group B (B), greater amounts of bony callus and evidence of bone fusion are observed in group C (C). Quantitatively, the bone callus volume is higher in group B, C than in group A.

Discussion
==========

This study has demonstrated the influence of leptin on femoral fracture healing in rats. The results showed that leptin enhanced fracture healing, as characterized by a significant increase in the parameters regarding callus volume and fracture healing of the fractured femora compared with those in the control group.

Research shows that fracture healing is a varied and complex process^\[[@R14]\]^. It involves an orderly and intricate succession of events, beginning with inflammation, followed by fibrous tissue and cartilage differentiation, and finally, endochondral and intramembranous ossification. Multiple factors are involved in this process, such as hormonal factors (growth hormone and transforming growth factor) and an extracellular matrix comprised of a wound healing process which summarizes skeletal growth and development^\[[@R15]\]^. Therefore, bone union is attributed to two major factors, bone callus formation across the fracture site and mineralization to stabilize the fracture site.

Leptin, the circulating protein product of the obesity (*Ob*) gene, was initially discovered as a satiety factor regulating food intake and energy expenditure, and it is synthesized and secreted by adipocytes^\[[@R16]^-^[@R17]\]^. As an important hormonal regulatory factor, leptin not only influences lipid metabolism but also has positive effects on peripheral bone metabolism by regulating bone mass and promoting bone mineralization^\[[@R18]^-^[@R19]\]^.

Experimental researches showed that the elevation of peripheral serum leptin levels starts immediately after trauma, such as spinal cord injury or traumatic brain injury, by activation of endogenous leptin secretion. These higher serum leptin levels are associated with increased callus formation in the fracture site^\[[@R20]^-^[@R21]\]^. Furthermore, elevated serum leptin may act peripherally to induce myeloid precursor cell differentiation and osteoblast proliferation, and accelerate the mineralization of bone at the fracture site^\[[@R22]^-^[@R23]\]^. Similarly, in our study, because daily application of exogenous leptin might provide consistently higher concentrations of serum leptin levels, better fracture healing was observed in the groups given exogenous leptin (fracture healing of group B, and C were better than group A). We also found that callus volume was higher in the group where more exogenous leptin was administered (group C also had larger bone formation than group B at the 8 week stage) In a study by Wang and colleagues^\[[@R24]\]^, it was reported that elevated leptin expression might also enhance alkaline phosphatase activity, secretion of osteocalcin, and expression of type I collagen mRNA. Turner et al. suggested that leptin acts on growth plate cartilage cells, osteoblasts and osteoclasts to enhance their number and/or activity. Leptin deficiency results in an overall decrease in bone turnover. Therefore, as found with other major regulators of bone metabolism^\[[@R25]\]^, regional changes in bone mass and structure depend upon peripheral serum leptin levels.

Our study, in which leptin was administered intraperitoneally, distinguishes between direct peripheral and indirect central actions of leptin on bone formation because peripheral and central leptin have opposing actions on fracture healing. In all groups, the experimental data obtained continuously without interruption, indicated the suitability of the applied method. The experiments described above suggests that a dose dependent positive effect of leptin on fracture healing when we evaluated radiological, histological and especially micro-CT results.

Several weaknesses exist with respect to paucity in technical explanations of our observations. In addition, a limited number of time points prevented a more detailed view of the stages of healing and the optimal time for administration of leptin. Furthermore, *in vivo* leptin distribution and local concentration present within the bone were not explored. Future work should investigate the molecular mechanism of action of leptin upon bone healing. In addition, use of impaired fracture healing models, including rats with increased age, diabetes mellitus, or undergoing steroid treatment, could lead to a more complete understanding of the effect of leptin.
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